Weak interaction in nuclei represents a well-known venue for testing many of the fundamental symmetries of the Standard Model. In particular, neutrinoless double-beta decay offers the possibility to test Beyond Standard Model theories predicting that neutrinos are Majorana fermions and the lepton number conservation is violated. This paper focuses on an effective field theory approach to neutrinoless double-beta decay for extracting information regarding the properties of the Beyond Standard Model Lagrangian responsible for this process. We use shell model nuclear matrix elements and the latest experimental lower limits for the half-lives to extract the lepton number violating parameters of five nuclei of experimental interest, and lower limits for the energy scales of the new physics.
I. INTRODUCTION
The neutrinoless double-beta decay (0νββ) is considered the best approach to study the yet unknown properties of neutrinos related to their nature, whether they are Dirac or Majorana fermions, which the neutrino oscillation experiments cannot clarify. Should the neutrinoless double-beta transitions occur, then the lepton number conservation is violated by two units, and the black-box theorems [1] [2] [3] [4] indicate that the light left-handed neutrinos are Majorana fermions. As such, through black-box theorems alone, it is not possible to disentangle the dominant mechanism contributing to this process. Most of the theoretical effort dedicated to this subject consists of calculations of leptonic phase-space factors and nuclear matrix elements that are computed via several nuclear structure methods and within specific models. One of the most popular models is the left-right symmetric model [5] [6] [7] [8] [9] , which is currently investigated at the Large Hadron Collider (LHC) [10] . In two recent papers [11, 12] we have discussed ways to identify some of the possible contributions to the decay rate by studying the angular distribution and the energy distribution of the two outgoing electrons that could be measured. However, there are still many other possible contributions to this process that one cannot yet dismiss. For these reasons, a more general beyond standard model (BSM) effective field theory would be preferable, as it would not be limited to relying on specific models, but rather considering the most general BSM effective field theoretical approach that describes this process. An important outcome of such a theory is the evaluation of the energy scales up to which the effective field operators are not broken, together with limits for the effective low-energy couplings.
The analysis of the 0νββ decay process is generally done at three levels. At the lowest level the weak interaction of the quarks and leptons is considered and the BSM physics is treated within a low-energy effective field theory approach. At the next level the hadronization process to nucleons and exchanging pion is considered. The nucleons are treated in the impulse approximation leading to free space 0νββ transition operators. At the third level the nucleon dynamics inside the nuclei is treated using nonperturbative nuclear wave functions, which are further used to obtain nuclear matrix elements (NME) needed to calculate the 0νββ observables, such as half-lives and two-electron angular and energy distributions [11] . A modern approach that could accomplish this plan would based on the chiral effective field theory of pions and nucleons [13, 14] . This approach introduces a number of couplings, which in principle can be calculated from the underlying theory of strong interaction using lattice QCD techniques [13] , or may be extracted within some approximation from the known experimental data [14] . These couplings may come with new phases and they may include effective contributions from the exchange of heavier mesons. The lattice QCD approach is underway, but it proved to be very difficult for extracting even basic weak nucleon couplings, such as g A [15] .
In this paper we start from the formalism of Ref. [16] [17] [18] [19] that provides a general effective field theory (EFT) approach to the neutrinoless double-beta decay. However, at the hadron level three new diagrams are added for the first time to the effective field theory analysis of the 0νββ, which were only considered in the literature in the context of specific mechanisms. Under the assumption that a single coupling in the BSM Lagrangian dominates the 0νββ amplitude, we extract new limits for the effective Majorana mass and for 11 additional low-energy EFT couplings using data from five nuclei of current experimental interest. Some of these couplings correspond to parameters found in left-right symmetric models, and we present and compare them. To be able to get the limits of these effective couplings and parameters from the experimental half-life limits, 23 nuclear matrix elements (NME) and 9 phase-space factors (PSF) are needed. Finally, we use the limits for the EFT couplings and the formalism of the effective field theory to obtain limits for the energy scale of the new physics that could be responsible for the neutrinoless double beta decay process.
To accomplish this goal we need reliable NME. The most commonly used nuclear structure methods for the NME calculation are proton-neutron Quasi Random Phase Approximation (pnQRPA) [16] [17] [18] [19] [20] [21] [22] [23] [24] , Interacting Shell Model (ISM) [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , Interacting Boson Model (IBM-2) [44] [45] [46] [47] , Projected Hartree Fock Bogoliubov (PHFB) [48] , Energy Density Functional (EDF) [49] , and the Relativistic Energy Density Functional (REDF) [50] method. The NME calculated with different methods and by different groups sometimes show large differences, and this has been debated in the literature [51, 52] . Although there seem to exist many NME results to choose from, most of the references listed only provide calculations for the light left-handed Majorana neutrino exchange. Ref. [41] provides tables and plots that compare the latest results for the light left-handed neutrino exchange and for the heavy right-handed neutrino exchange. The NME used in Ref. [16] [17] [18] [19] come from older QRPA calculations, which do not include many of the improvements proposed in recent years [53, 54] . We calculate the NME using shell model techniques, which are consistent with previous calculations [27, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . The reason for choosing shell model NME is our belief that these are better suited and more reliable for 0νββ calculations, as they take into account all the correlations around the Fermi surface, respect all symmetries, and take into account consistently the effects of the missing single particle space via many-body perturbation theory (the effects were shown to be small, about 20%, for 82 Se [55] ). Furthermore, we have tested the shell model methods and the effective Hamiltonians used by comparing calculations of spectroscopic observables to the experimental data, as presented in Ref. [32, 41, 56] . We do not consider any quenching for the bare 0νββ operator in these calculations. Such a choice is different from that for the simple Gamow-Teller operator used in the single beta and 2νββ decays where a quenching factor of about 0.7 is necessary [57] . For the PSF we use an effective theory based on the formalism of Ref. [58] , but fine-tuned as to take into account the effects of a Coulomb field distorting finite-size proton distribution in the final nucleus. To our knowledge, some of the NME presented in this paper are calculated for the first time using shell model techniques.
This paper is organized as follows: Section II analyzes the contributions of several BSM mechanisms to the neutrinoless double-beta decay. Section III presents the framework of the effective field theory for the neutrinoless double-beta decay. Section IV shows the experimental limits on the BSM lepton number violating (LNV) couplings that we calculate, and is divided into three subsections. Subsection IV A is dedicated to the revisit of the most common approach to 0νββ that considers only the light left-handed Majorana neutrino exchange, presenting shell model nuclear matrix elements and upper limits for the Majorana mass. Subsection IV B details the study of the long-range contributions to the 0νββ decay Lagrangian. Subsection IV C presents the analysis of the short-range contribution LNV parameters. Discussions are presented in Section V, Section VI is dedicated to conclusions and, last, Section VII is an Appendix containing all the relevant formulae for calculating the NME.
II. BSM MECHANISMS CONTRIBUTING TO NEUTRINOLESS DOUBLE-BETA DECAY
The main mechanism considered to be responsible for the neutrinoless double beta decay is the mass mechanism that assumes that the neutrinos are Majorana fermions, and relies on the assumption that the light lefthanded neutrinos have mass. However, the possibility that right-handed currents could contribute to the neutrinoless double-beta decay (0νββ) has been already considered for some time [58, 65] . Recently, 0νββ studies [9, 66] have adopted the left-right symmetric model [7, 67] for the inclusion of right-handed currents. In addition, the R-parity violating ( R p ) supersymmetric (SUSY) model can also contribute to the neutrinoless double beta decay process [68] [69] [70] . In the framework of the left-right symmetric model and R-parity violating SUSY model, the 0νββ half-life can be written as a sum of products of PSF, BSM LNV parameters, and their corresponding NME [11] :
Here, G 01 is a phase-space factor that can be calculated with good precision for most cases [59, [71] [72] [73] , g A is the axial vector coupling constant, η 0ν = m ββ me , with m ββ representing the effective Majorana neutrino mass, and m e the electron mass. η L NR , η R NR are the heavy neutrino parameters with left-handed and right-handed currents, respectively [9, 27] , ηq, η λ ′ are R p SUSY LNV parameters [74] , η λ , and η η are parameters for the so-called "λ−" and "η−mechanism", respectively [9] . M 0ν , M 0N , are the light and the heavy neutrino exchange NME, Mq, M λ ′ are the R p SUSY NME, and X λ and X η denote combinations of NME and other PSF (G 02 − G 09 ) corresponding to the the λ−mechanism involving righthanded leptonic and right-handed hadronic currents, and the η−mechanism with right-handed leptonic and lefthanded hadronic currents, respectively [11] . The heavy neutrino exchange contribution to the amplitude in Eq. 1 proportional with M N assumes that the heavy neutrino masses are larger than ≈ 1 GeV and the information about their mass is included into the couplings [11] .
In Table I we present the Q 0ν ββ values, the most recent experimental half-life limits from the indicated references, and the nine PSF for 0νββ transitions to ground states of the daughter nucleus for five isotopes currently under investigation. The PSF were calculated using a new effective method described in great detail in Ref. [73] . G 01 values were calculated with a screening factor (s f ) of 94.5, while for G 02 − G 09 we used s f = 92.0 that was shown to provide results very close to those of Ref. [75] . We note that the 82 Se experimental half-life used here and throughout this analysis is preliminary [62] . However, we believe that this limit is valid and that it may get improved.
In Ref. [11] we show how one could disentangle contributions form different mechanisms using two-electron angular and energy distributions, as well as half-life data from several isotopes. Here, we consider the case where one mechanism dominates, more explicitly, one single term in the decay amplitude of Eq. (1). Table II shows the shell model values of the NME that enter Eq. (1). The light and heavy neutrino-exchange NME, M 0ν and M 0N , are taken from Ref. [40] that describes their formalism and calculation. Mq and M λ ′ are calculated using the description in Eq. (150) and Eq. (155), respectively, of Ref. [74] . X λ and X η are adapted from C 4 and C 5 of Eq. (3.5.15d) and Eq. (3.5.15e), respectively, in Ref. [58] multiplied by M GT /G 01 to fit the factorization of Eq. (1). All NME used in this paper were calculated using the interacting shell model (ISM) approach [27, 34-37, 40, 43] (see Ref. [40] for a review), and include short-range-correlation effects based on the CD-Bonn parametrization [32] , finite-size effects [74] and, when appropriate, optimal closure energies [56] (see Appendix for more details).
The upper limits for corresponding LNV parameters extracted from lower limits of the half-lives under the assumption that only one term in the amplitude dominates, are also presented in Table II . There are a few other QRPA [58, [74] [75] [76] [77] and ISM [25] [26] [27] [28] results in the literature that were obtained within the framework of the LRSM and SUSY. However, some of the extracted LNV parameters rely on some older half-life limits. 
III. EFFECTIVE FIELD THEORY APPROACH TO NEUTRINOLESS DOUBLE-BETA DECAY
A more general approach is based on the effective field theory extension of the Standard Model. The analysis based on the BSM contributions to the effective field theory is more desirable, because it does not rely on specific models, and their parameters could be extracted/constrained by the existing 0νββ data, and by data from LHC and other experiments. In fact, the models considered in section II always lead to a subset of terms in the low-energy (∼ 200 MeV) effective field theory Lagrangian. Here we consider all the terms in the Lagrangian allowed by the symmetries. Some of the couplings will correspond to the model couplings in Eq. (1), but they might have a wider meaning. Others are new, not corresponding to specific models.
At the quark-level, we present in Figure 1 the generic 0νββ Feynman diagrams contributing to the 0νββ pro- cess. We consider contributions coming from the light left-handed Majorana neutrino (Fig. 1b) , a long-range part coming from the low-energy four-fermion chargedcurrent interaction (Fig. 1c) , and a short-range part (Fig. 1d) . We treat the long-range component of the 0νββ diagram as two point-like vertices at the Fermi scale, which exchange a light neutrino. In this case, the dimension 6 Lagrangian can be expressed in terms of effective couplings [19] :
where J † α =ūO α d and j β =ēO β ν are hadronic and leptonic Lorentz currents, respectively. The definitions of the O α,β operators are given in Eq. (3) of Ref. [19] . The LNV parameters are ǫ
The "*" symbol indicates that the term with α = β = (V − A) is explicitly taken out of the sum. However, the first term in Eq. (2) still entails BSM physics through the dimension-5 operator responsible for the Majorana neutrino mass (see also section V). Here G F = 1.1663787 × 10 −5 GeV −2 denotes the Fermi coupling constant.
As already mentioned, some of these couplings play the same role as some of the model couplings listed in Eq. (1), but they have more general meaning here. For example, ǫ V +A V −A play the same role as η η and ǫ V +A V +A play the same role as η λ in the effective Lagrangian associated to models.
In the short-range part of the diagram presented in Fig. 1d we consider the interaction to be point-like. Expressing the general Lorentz-invariant Lagrangian in terms of effective couplings [18] , we get:
with the hadronic currents of defined chirality
and ε
, ε 4 , ε 6 }. These parameters have dependence on the chirality of the hadronic and the leptonic currents involved, with xyz = L/R, L/R, L/R. In the case of ε 3 , one can distinguish between different chiralities, thus we express them separately as ε LLz(RRz) 3 and ε
The contribution of the diagrams 1b and 1c to the 0νββ decay amplitude is proportional to the timeordered product of two effective L 6 Lagrangians [19] ,
while the contribution of the diagram 1d is proportional to L 9 . However, when calculating the 0νββ half-life it is necessary to identify the contributions corresponding to different hadronization prescriptions. Figure 2 shows the nucleon-level diagrams in a similar way to Figure 1 . The first 3 contributions, Figs. 2b, 2c, and 2d are similar to the corresponding amplitudes at the quark level (see Fig. 1 ). In addition to these contributions that were also considered in Ref. [19] , here we also include the long range diagrams that involve pion(s) exchange, Figs. 2e, 2f, and 2g. These diagrams were considered before as contributing to the 0νββ decay rate, but in the context of R p SUSY mechanism. For example, the diagram 2e was considered to describe the contribution of the squark-exchange mechanism [70] , and the diagrams 2f and 2g were considered to describe the contribution of the gluino exchange mechanism [78] . One should also mention that the diagram 2g was also considered in Refs. [79, 80] , but its contribution to the 0νββ half-life was estimated differently, and cannot be directly compared to the other contributions analyzed here.
After hadronization (see Fig. 2 ), the extra terms in the Lagrangian require the knowledge of 23 individual NME [17-19, 68, 74, 81] . We can write the half-life in a factorized compact form Here, the E i contain the neutrino physics parameters, with E 1 = η 0ν representing the exchange of light lefthanded neutrinos corresponding to Fig. 2b ,
T R , η πν } are the longrange LNV parameters appearing in Figs. 2c and 2e, and
, ε 4 , ε 5 , η 1π , η 2π } denote the short-range LNV parameters at the quark level involved in the diagrams of Fig. 2d, 2f, 2g . The rational for including the η πν in the same class with the LNV entering the quark-level long range diagrams is that Ref. [70] indicates that η πν is proportional to ǫ T R T R (see Section IV B below). In the same vein, Ref. [78] indicates that ε 1 and ε 2 are proportional to a combination of η 1π and η 2π (see Section IV C below). Therefore the η 1π and η 2π were included in the list LNV couplings associated with quark-level short-range diagrams. Contributions of pion-exchange diagrams similar to those of Figs. 2f and 2g are also included in the so called "higher order term in nucleon currents" [74] . However, they are constrained by PCAC, and are only included in light-neutrino exchange contribution of diagram 2a. This contribution changes the associated NME by only 20%. Therefore, we conclude that this does not represent a serious double counting issue.
Following Refs. [17] [18] [19] 74 ], we write M 2 i as combinations of NME described in Eqs. (8, 10, 12, 14 , and 16) (see also Eq. (19) in the Appendix for the individual NME) and integrated PSF [73] denoted with G 01 − G 09 . Our values of the PSF are presented in Table I . In some cases the interference terms E i E j M ij are small [82] and can be neglected, but not all of them. In Ref. [11] we analyzed a subset of terms contributing to the half-life formula, Eq. (1) originating from the left-right symmetric model. In that restrictive case we showed that one can disentangle different contributions to the 0νββ decay process using two-electron angular and energy distributions as well as half-lives of two selected isotopes. Obviously, this number of observables is not enough to extract all coupling appearing in the effective field theory Lagrangian. However, they can be used to constrain these couplings, thus adding to the information extracted from the Large Hadron Collider and other related experiments. Here we attempt to extract these couplings assuming that only one of them can have a dominant contribution to the half-life, Eq. (5). We call this approach "on-axis". Considering the "on-axis" approach to extracting limits of the LNV parameters, the interference terms are neglected in our analysis. In the following, we extract the "on-axis" upper limits of these parameters using the most recent experimental half-lives lower limits, as presented in Table I .
IV. EXPERIMENTAL LIMITS ON THE BSM LNV COUPLINGS
To obtain experimentally constrained upper limits of the effective LNV couplings one needs experimental halflife lower limits, accurate calculations of the PSF, together with reliable NME results calculated using nuclear structure methods tested to correctly describe the experimental nuclear structure data available for the nuclei involved. We split our analysis of the LNV parameters into three subsections corresponding the exchange of light left-handed Majorana neutrinos, the LNV couplings entering the remaining quark-level long-range diagrams, and the LNV couplings entering the quark-level shortrange diagrams.
A. The exchange of light left-handed neutrinos
Most studies in the literature have considered just the case where only the exchange of light left-handed Majorana neutrinos contribute to the 0νββ decay process, presented in Figs. 1b and 2b . Therefore, one can easily find calculations of NME and PSF for this scenario. Considering this case, we reduce the half-life equation to:
where g A = 1.27, M 2 0ν contains the coefficients containing combinations of NME and PSF (see Eq. (8) below). η 0ν = m ββ me , where m e is the electron mass and m ββ represents the effective Majorana neutrino mass described as [66] :
Here U ej are the PMNS mixing matrix elements [83, 84] and the summation is performed over all the three light neutrino mass eigenstates m j . Also in Eq. (6)
where g V = 1 is the vector coupling constant, g A = 1.27 is the axial coupling constant, and G 01 is the phase-space factor. The three NME, M GT , M F , and M T (shown in Table IX ) correspond to the Gamow-Teller, Fermi and Tensor transition operators, respectively, and are described in the Appendix. All the NME listed in the tables of the Appendix have the correct signs relative to that of M GT , which is chosen to be positive. The M 2 coefficients correctly include these relative signs, but the overall sign values and their corresponding η 0ν limits. We find the lowest upper-limit of this parameter for 136 Xe, which leads to a limit for the Majorana neutrino mass m ββ ∼ 140 meV.
B. The long-range effective LNV couplings
Investigating the "on-axis" LNV parameters of the diagram of Fig. 2c , the half-life is factorized as:
with ǫ
Here and below the αβ combination corresponds to some index i in Eq. (5), as described in the definition of E i after Eq. (5). Following the formalism presented in Refs. [17, 19, 58] and including the G 01 − G 09 PSF, we write the longrange coefficients containing combinations of NME and PSF as:
2 − 4T
In these equations, R = 1.2A 1/3 fm is the nuclear radius, m e = 0.511 MeV is the electron mass, m π = 139 MeV is the pion mass, m p = 938 MeV is the proton mass, (µ p − µ n ) ≃ 3.7, and the parameters F = −4.54 are taken from Ref. [85] where they have been calculated using the MIT bag model. Detailed expressions for the individual M α (with α = GT q, F q, T q, GT ω, F ω, P , R, GT ′ , F ′ , T ′ , GT ′′ , T ′′ ) are found in the Appendix.
It is possible to obtain another limit for ǫ T R T R by considering a different hadronization procedure [70] depicted in Fig. 2e , where our η πν plays the same role as η 11 (q)LR in Eq. (22) of Ref. [70] . In this case we can obtain an alternative value for ǫ
with
The M GT πν and M T πν are the same NME as M GT (q) and M GT (q) in Eq.(155) of Ref. [74] (also described in the Appendix). Table X of the Appendix.
C. The short-range LNV couplings
Similar to the case of the long-range component, we extract the "on-axis" values of the short-range LNV parameters using the following expression for the half-life corresponding to the diagram of Fig. 1d :
with ε
, ε 4 , ε 6 }. The index β = xyz, with xyz = L/R, L/R, L/R, indicates the chirality of the hadronic and the leptonic currents. It is only possible to distinguish between the different chiralities in the case of ε 3 where we denote them explicitly as ε . For the other cases we omit this labeling.
Adapting the formalism of Ref. [18, 19, 74] , we can write the coefficients containing combinations of NME and PSF as:
The parameters F Considering the 0νββ amplitudes displayed in Figs. 2f and 2g in the one-pion and two-pion exchange modes it is possible to get alternative limits for ε 1 and ε 2 considering a different coefficient, M πN . The analysis of Ref. [78] suggests these alternative values, here denoted byε 1 and ε 2 , can be obtained asε 1 = 64 16 η πN , andε 2 = 2 3 η πN , using
where
The expressions for the factors c 1π and c 2π are found in Eq. (151) of Ref. [74] . These factors depend on the masses of the up and down quark, and choosing (m u + m d ) = 11.6 MeV [27, 86] , one gets c 1π = −83.598, c 2π = 359.436 that we use in these calculations. The description of M α (with α = GT 1π, T 1π, GT 2π, T 2π) is presented in the Appendix.
Shown in Table VII are the values of the short-range LNV parameters. Using the different hadronization presented in Figs. 2f and 2g ,ε 1 provides significantly more stringent upper-limits than ε 1 . With the exception of 48 Ca, where theε 2 limit is identical to ε 2 , the otherε 2 upper-limits are almost double those of ε 2 . Therefore, we conclude that ε 2 are better constrained.
V. DISCUSSIONS
From the η 0ν limits presented in Table III for 136 Xe, one gets the lowest shell model upper-limit for the Majorana neutrino mass m ββ ∼ 140 meV. A wider range of values, 60 − 165 meV can be found if the NME calculated with a larger number of nuclear models are considered [64] .
Considering the diagram in Fig. 2e , it is possible to get lower limits for ǫ Table V , than those corresponding to the diagram in Fig. 2c , with the exception of 48 Ca, as can be seen in Table V . Considering the different hadronization scenario presented in Figs. 2f and 2g,ε 1 provides a significantly more stringent upperlimits than ε 1 . With the exception of 48 Ca, where thẽ ε 2 limit is identical to ε 2 , the otherε 2 upper-limits are almost double those of ε 2 .
As suggested in Ref. [81] (see the diagrams of their Fig.1 ), at the electroweak scale when the appropriate Higgs fields are included, the diagram 1.b originates from a dimension-5 BSM Lagrangian, O 5 , responsible for the Majorana neutrino mass. Similarly the low-energy dimension-6 Lagrangian L 6 corresponds to a dimension-7 BSM operator, O 7 , and the low energy dimension-9 Lagrangian L 9 can be rearranged as dimension-9 and dimension-11 operators, O 9 and O 11 . Using the effective field theory one can infer the energy scale Λ D up to which these effective field operators are not broken:
where D is the dimension of the effective field operator. Here g is considered to be a dimensionless coupling constant of the order of 1. Following Ref. [81] one can find relations between the constants entering our L 6 and L 9 Lagrangian and the effective field theory Lagrangians above the electroweak scale, Eq. (17) .
Here To extract the limits of the BSM scales Λ 5,7,9,11 we need the most stringent limits for the LNV parameters, which are found for the case of 136 Xe. Inspecting Tables V and VII we found thatǭ 5 corresponds to the η 0ν parameter of the light left-handed Majorana neutrino exchange mechanism. Forǭ 7 we choose ǫ V +A V +A , that is the largest long-range ǫ β α parameter. In the case ofǭ 9 =ǭ 11 we select ε 1 , being the largest short-range ε β α parameter. These values are listed in Table VIII .
As in Ref. [81] we take g = 1 in Eq. (17) . However, we introduce here the Yukawa coupling y between the Higgs boson field and the fermion fields, and we consider two cases: (i) y = 1 corresponding to the top quark mass (choice made in Ref. [81] ), and (ii) y = 3 × 10 . O 7 and O 11 provide small low-limits for Λ 7 and Λ 11 . This feature is likely related to the fact that these terms are originating from small term in the mixing matrix (e.g. the small S matrix in Eq. (A3) of [11] ), and thus g ∼ 1 in Eq. (17) is not a good choice. The most sensitive scale to both the unknown Yukawa and the 0νββ half-life is Λ 5 . Assuming a Yukawa coupling corresponding to the electron mass, one can conclude that the 0νββ decay could be consistent with a new physics scale somewhere between 2 TeV and 20 TeV.
VI. CONCLUSIONS
This work advances and extends the analysis of BSM physics parameters involved in the neutrinoless doublebeta decay. We calculate 23 nuclear matrix elements and 9 phase-space factors. Five of these nuclear matrix elements (M GT ′ , M GT ′′ , M F ′ , M T ′ , and M T ′′ ) are calculated for the first time using shell model techniques. Three new hadron-level diagrams, Fig. 2 .e, 2.f, 2.g are for the first time considered in the full analyses based on the effective field theory approach to 0νββ decay (they were only considered in the past in the context of particular mechanisms).
Using a general effective field theory and assuming that one LNV coupling plays a dominant contribution to the 0νββ decay amplitude, we extract limits for the effective Majorana mass and 11 effective low-energy couplings in the case of five nuclei of immediate experimental interest. Due to the better half-life limits, the most stringent limits for the LNV couplings are found for 136 Xe, closely followed by 76 Ge. An upper-limit for the Majorana neutrino mass m ββ of 140 meV was calculated in the case of 136 Xe. Assuming a Yukawa coupling corresponding to the electron mass, one can conclude that the 0νββ decay could be consistent with a new physics scale somewhere between 2 TeV and 20 TeV.
Using the upper limits for the LNV coupling we extract limits for the energy scale of the new physics, using EFT arguments. We found that the scale associated with the dimension-9 EFT operator is stable, and indicates a new physics scale around 3 TeV. We also found that the dimension-5 EFT operator associated with the Majorana neutrino mass varies significantly with the Yukawa coupling to Higgs and the 0νββ decay half-life.
Should neutrinoless double-beta decay be experimentally observed, a thorough analysis of the outgoing electrons angular and energy distributions (presented in Ref. [11] ) based on accurate calculations of the nuclear matrix elements is needed to investigate subsets of these LNV couplings and identify the presence of the righthanded currents.
VII. APPENDIX
In this Appendix, we present the detailed expressions for the M The NME that enter the equations (8, 10, 12, 14, and 16) are written as a product of two-body transition densities (TBTD) and two-body matrix elements (TBME), where the summation is over all the nucleon states. Their numerical values when calculated within the shell model approach are presented in Table IX for the light left-handed Majorana neutrino exchange, in Table X for the long-range part in Fig. 2 , and in Table XI for the short-range component of Fig. 2 . The general expressions for the NME are (see Refs. [11, 27, 58] ):
We group the operators that share similar structure into five families.
Gamow-Teller operator :
′ , and θ = T, T q, T ′ , T ′′ , T πν, T 1π, T 2π. Equations (20) present the radial part of the NME and their expressions are adapted for consistency from Refs. [58] , [19] , and [74] . 
q +Ē j 1 (qr)q 2 dq , (20p)
q +Ē j 0 (qr)q 2 dq , (20v)
q +Ē j 1 (qr)q 2 dq , .
Here, the expressions of C The finite-size effects are taken into account via the following dipole form-factors:
Here λ A = 1086 MeV and λ V = 850 MeV are the axial and vector momentum cutoffs, respectively, and (µ p − µ n ) ≃ 3.7.
The form-factors entering Eqs. 20 are: m e = 0.511 MeV is the electron mass, m π = 139 MeV is the pion mass, m p = 938 MeV is the proton mass, and the quark masses sum is (m u + m d ) = 11.6 MeV [27, 86] . The NME presented in this section (Eq. (19)) are calculated using shell model approaches. To take into account the two-nucleon short-range correlation (SRC) we multiply the the relative wave functions by f (r) = 1 − ce −ar 2 (1 − br 2 ); in the CD-Bonn parametrization used here a = 1.52 fm −2 , b = 1.88 fm −2 , and c = 0.46 fm −2 [87] . This method is described in greater detail in Refs. [27, [32] [33] [34] [35] [36] [37] [39] [40] [41] [42] . The signs of all the NME presented in the following tables are relative to the sign of M GT , which is taken to be positive. Table IX presents the M GT , M F , and M T NME involved in the standard mass mechanism with left-handed currents of Eq. (8). For these NME, an optimal closure energy Ē was used for each effective Hamiltonian [36] [35] calculated with the SVD Hamiltonian [90] .
The long-range NME M α (with α = GT q, F q, T q, GT ω, F ω, P , R, GT ′ , F ′ , T ′ , GT ′′ , T ′′ ) that appear in Eq. (10) and M GT πν and M T πν of Eq. (12) are presented in Table X .
Shown in Table XI are the short-range NME M GT N and M F N that appear in Eq. (14 and M α (with α = GT 1π, T 1π, GT 2π, T 2π) in Eq. 16).
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